All-electrical injection and detection of a spin polarized current using a ID conductor 
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There is considerable interest in being able to control the spin dynamics, particularly in mesoscopic 
and nanoscale semiconductor devices [J, 01 as this could lead to the development of a range of elec- 
tronic functions not presently available. In order to develop successfully such concepts it is necessary 
to controUably generate, manipulate, and detect spin currents by electrical means and so minimize, 
or eliminate, the use of ferromagnetic contacts or external magnetic fields. Here we demonstrate 
on-chip spin polarizing/filtering actions by driving the gate-defined one dimensional (ID) conductor, 
one of the simplest geometries for integrated quantum devices, away from the conventional Ohmic 
regime. Direct measurement of the spin polarization of emitted current was performed when the 
momentum degeneracy was lifted, wherein both the ID polarizer for spin injection and the anal- 
yser for spin detection were demonstrated. The results showed that a configuration of gates and 
applied voltages can give rise to a tunable spin pumping efficiency, which has implications for the 
development of spintronic devices and future quantum information processing. 



All-electrical control of spin transport in nanostruc- 
tures has been one of the biggest challenge to the devel- 
opment of spintronics. Most research towards implemen- 
tation of this electrical approach has focussed on using 
the spin-orbit interaction to induce spin polarized trans- 
port, as reported in various nanostructures0-0| includ- 
ing one-dimensional (ID) conductors 0, 0]. However, it 
is essential to develop a more general approach in which 
materials with a strong intrinsic spin-orbit coupling are 
no longer necessary, and consequently a longer spin de- 
phasing (relaxation) time will be obtained of crucial im- 
portance for quantum information processing. 

In theory, it is possible to produce transition from anti- 
ferromagnetic to ferromagnetic behaviour by controlling 
the exchange interaction, although this can be difficult to 
achieve in practice. The use of electrostatic-confinement 
gates using electron-beam lithography in recent years has 
allowed lower-dimensional quantum devices to be devel- 
oped within various electronic systems . If such a system 
could be successfully utilized for on-chip spin injection, 
the problems associated with conventional methods of 
spin injection — such as the impedance mismatch, which 
drastically limits the spin polarization (spin pumping effi- 
ciency) of the injected current^ — can be avoided. Fur- 
thermore, the fast-gating technique, which has been well 
developed in conventional microelectronics, allows it to 
be used for rapid control of the spin content. In this 
work, we utilize the exchange interaction in gate-defined 
ID conductors to develop an electrically tunable spin in- 
jector/filter. 

Studies of quasi one-dimensional conductionfl^ have 
been of interest for a considerable time due to its strong 
electron-electron interaction, much of this work has been 



with reference to the spin properties [ll|, [l^]- The varia- 
tion of the current with the dc source-drain voltage has 
been shown to be particularly useful in providing quanti- 
tative measurements on the energies of the ID subbands 
in the channel. For ballistic transport this voltage is 
dropped at the two ends of the channel and lifts the mo- 
mentum degeneracy, and has been used, for example, to 
derive the value of the Lande g factor by measuring the 
spin splitting in a magnetic field(l3l.[T^|. It has also been 
used to show that there is a spontaneous lifting of the 
spin degeneracy in the absence of a magnetic field, which 
is related to the 0.7 structure (l4|. 

Furthermore, there is a feature which appears as a 
plateau, or structure, with increasing dc source-drain 
voltage at, or near, the value of 0.25(2e^/ft-) in the dif- 
ferential conductance. Although this feature was appar- 
ent in early work on one-dimcnsionalitv (l5l - [l7| . it was in 
general regarded as a spin degenerate state with a de- 
creased differential conductance [l8l - l20j . However, it was 
recently proposed that the 0.25(2e^//i) feature could be 
a consequence of a lifting of both momentum and spin 
degeneracy [2l|. The loss of the momentum degeneracy 
on its own producing a value of /h and an absence of 
spin degeneracy accounting for the remaining factor of 
1/2. This is a very surprising result of increasing the 
source-drain voltage, and in order to substantiate this 
conclusion it is crucial to provide direct evidence of spin 
polarization which does not rely on an inference from con- 
ductance plateaux, particularly because it has been sug- 
gested that it is possible for the differential conductance 
value to be reduced in the non-Ohmic regime [l8l - [20| . 

In this work, we have utilized a technique called elec- 
tron focusing [23, H^l to directly measure the degree of 
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spin polarization of the current. The focusing device ge- 
ometry is shown in Figure [T^, wherein a smah perpen- 
dicular magnetic field B± is applied to bend and inject 
ballistic electrons from an emitter, a short one dimen- 
sional region formed by split gates (quantum point con- 
tact), which acts as a spin polarizer in this work. The 
electrons pass through the two-dimensional base region, 
which is grounded, into the collector which is an identical 
device to the emitter; in the context of this experiment 
the collector acts as a spin analyser. With current flow- 
ing into the device from the emitter, and with the base 
connected to ground, the collector-base voltage shows pe- 
riodic peaks as a function of B± which is due to the focus- 
ing of electrons into the collector. These focusing peaks 
occur whenever an integer multiple of the cyclotron di- 
ameter, 2m*vp/eB±, where m* is the electron effective 
mass and vp is the Fermi velocity, equals the distance, 
L, between emitter and collector. 

As the collector is not connected to ground, a volt- 
age Vc = Ic/Gc develops between the collector and base, 
where Ic is the current flowing through the collector 
which has conductance Gc- Both the conductance and 
current can be further wr itten as Gc = e'^/h{Ti + T^) and 
Ic = aIe{Ti+T^) where the arrows represent the electron 
spins, le = the current injected from the emitter, 

Ti (T-f-) is down-spin (up-spin) transmission of the collec- 
tor and a is a parameter, accounting for spin-independent 
imperfections during the focusing process[22;]. 

This situation has been considered by Potok et al. [22I] , 
who have shown that a simple derivation gives the mag- 
nitude of the height of the peaks in collector-base voltage. 
This can be written in terms of the degree of spin polar- 
ization induced by the emitter = (Ii—I^) / (Ii+I^) and 
the spin selectivity of the collector Pc = [T^ — T^) / {T^ + 
T^). They found the following relation 

Vc^a^Ie{l + PePc). (1) 

which was confirmed by inducing a Zeeman spi n split- 
ting with a strong in-plane magnetic field [23l |. Con- 
sequently, if both emitter and collector are spin polarized 
the collector voltage is doubled compared to when either 
emitter or collector allows spin degeneracy. 

Here we investigated the spin balance in the focusing 
stream as the conductances of both emitter and collec- 
tor were varied in the absence of a magnetic field (ex- 
cept for the small focusing field B±_). The particular 
objective was to clarify the spin content of the current 
when the differential conductance was in the region of 
the 0.25 plateau. This work used samples comprising a 
high-mobility two-dimensional electron gas formed at the 
interface of GaAs/Alo.ssGao.erAs heterostructures. The 
low temperature mobility was 2.3 x 10^ cm^/Vs at a car- 
rier density 1.17 x 10^^ cm^ giving a mean free path for 
momentum relaxation ~ 13 /im. This is much longer 
than the focusing path, although we note that the small 
angle scattering length is much less and may contribute 
to a broadening of the focusing peak. 



Measurements were performed in a dilution refrigera- 
tor at a temperature of 80 mK, the electrical connections 
are shown in Figure [1^. Two devices were measured 
and gave similar and reproducible results. Simultane- 
ous lock-in measurements of the emitter and collector 
conductances and the focusing signal were performed by 
applying two independent excitation sources of (i) a 77 
Hz ac voltage 20 /iV with a dc bias Vsd applied to the 
emitter and (ii) 31 Hz ac current 1 nA with a dc bias 
Isd applied to the collector. It was verified that the fo- 
cusing signal Vc was linear with current le] for clarity, 
all the data presented here was rescaled for Ic = 1 nA. 
The current-bias excitation, i.e., source (ii), is required 
to prevent the collector from sinking injected current, as 
well as increasing the bias across the collector pushing it 
into the 0.25 regime. 

Both the emitter and collector show one-dimensional 
conductance quantisation and a source-drain voltage in- 
duced plateau at 0.25(2e^//i) at B = 0[21], as shown in 
Figure [TJj. The measured focusing peaks are shown in 
Figure [T]: when the emitter and collector are set at the 
described values of conductance for Vsd = Isd = 0- Fo- 
cusing peaks appear periodically, at intervals of B± = 
0.05 T, which is consistent with the cyclotron motion 
B± = 2m*VF/eL calculated from the two-dimensional 
electron concentration. The height of the focusing 
peaks, as anticipated, barely changes with decreasing 
conductance of both emitter and collector from 2e^//i to 
0.25(2e^//i), indicating that there is no change in their 
spin polarization, i.e., Pc and/or Pc — 0. As expected 
the peak height is independent of Gc and Gc for con- 
stant current Ic injected from the emitter point contact. 

When a dc bias is applied across the emitter and col- 
lector the focusing peak exhibits very different behaviour 
to that previously observed at zero bias. In Figure [TJl, 
the focusing peaks are shown for various Gc when Gc 
is fixed at 0.25(2e^//i), and when the dc biases across 
the emitter and collector were set at Vsd = 1-5 mV 
and Isd = 30 nA, respectively. It was observed that 
the peak height stays constant with decreasing Gc from 
1.5(2e^//i) to 0.5(2e^/ft.), but rises considerably when 
this approaches 0.25(2e^//i), i.e., where the anomalous 
plateau is found as shown in figure [T]d. This substantial 
rise is predicted by Equation (1), if there is an increas- 
ing degree of spin polarization in both the emitter and 
collector. 

Figure[2^ shows the height of the first peak as both the 
dc biases and the collector conductance were varied with 
the emitter conductance locked at Gc = 0.25(2e^/i); this 
peak was chosen for investigation because of its robust 
structure and is seen to stay fairly constant at ^ 3 /iV, 
essentially independent of both Vsd and Isd, when Gc ^ 
2e^/h. However, in the low conductance region when 
Gc < 0.25(2e^//i), and Isd — 30 nA, the focusing peaks 
increase as Vsd is increased, negatively, from and then 
saturates when Vsd is near —0.9 mV. The focusing peaks 
at \Vsd\ > 0.9 mV are approximately twice the value of 
those at Vsd = for every individual value of collector 
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FIG. 1: a. Micrograph and electric circuit showing the 
emitter-collector configuration used in the experiment. Elec- 
trons are focused by a small perpendicular magnetic field and 
travel from the emitter (E), through the 2D base region (B) 
into the collector (C). b. The differential conductance of the 
emitter at B = with application of a source-drain bias 
from Vsd = to —1.5 mV in step of —0.3 mV. The con- 
ductance anomaly at around G = 0.25(2e^//i) starts when 
Vsd = —0.9 mV. Data are offset for clarity, c. The collector 
voltage (focusing signal) for Vsd = Isd = 0; the focusing volt- 
age is nearly independent of the conductance of both emitter 
and collector from 2e^/ft to 0.25(2e^//i). d. A substantial rise 
in the focusing signal appears when both emitter and collector 
were set to G = 0.25(2e^//i) and the dc source-drain biases 
Vsd = —1.5 mV and Isd = 30 nA were applied respectively. 



conductance below ^ 0.25(2e^//i). This, according to 
Eq. (1), implies that both emitter and collector are fully 
spin polarized, i.e., Pe = -Pc = 1- The saturation of the 
peak height is also consistent with the fact that both 
and Pc cannot be larger than 1. 

To further verify this bias-induced spin polarization, 
Isd was decreased from 30 nA to with Vgd still at 
1.5 mV. Figure [2^ shows that the height of the focus- 
ing peaks drops back to almost the same value obtained 
when Vsd = and Isd = 30 nA as well as when both 
are zero. This is again expected when either polarizer or 
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FIG. 2; a. Voltage of the first focusing peak, left, and the 
corresponding conductance of the collector, right, as a func- 
tion of gate voltage, for various values of dc source-drain bias 
Vsd and Isd- Enhancement of focusing peaks only occurs near 
the 0.25 conductance region when dc source-drain biases are 
applied across both the emitter and collector, b. Normalized 
peak ratio and corresponding conductance as a function of 
gate voltage, with Isd set to 30 nA and Vsd swept from to 
— 1.5 mV. The peak ratio rises and then saturates when both 
conductance and dc source-drain bias are at the appropriate 
values for the appearance of the 0.25(2eV^) plateau. 



analyser are spin degenerate (i.e., either P^. or Pc equals 
0). Finally, it is important to note that the value of 
source-drain bias Vsd — 0.9 mV at which the focusing 
peak height Vc saturates is consistent with the bias at 
which the 0.25 anomaly appears, as shown in Figure [TId. 

The evolution of the focusing peaks as a function of 
conductance [24| is also shown in Figure [2^, the focusing 
peak rises as Gc is reduced below 2e^//i, but the man- 
ner of the increase varies for different dc source-drain 
biases. At Vsd = and Isd — 30 nA, the peak voltage 
barely increases until Gc is reduced below ~ 0.15(2e^//i), 
in the near-pinch-off region, whereas at Vsd < and 
Isd = 30 nA the peak voltage starts to increase once 
Gc is reduced below ^ 0.6(2e^//i). The near-pinch-off in- 
crease in peak voltage with the reduced value of Gc could 
be attributed to an a-dependent enhancement; this has 
been suggested previously when Gc is low^] although 
the origin is not clear. 



To remove non-spin related effects from the focusing 
peak, all the peak voltages are normalized by the val- 
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ues at Vsd = and Igd = 30 nAl2l]. Figure [Hd shows 
the normahzed peak ratio, proportional to (1 + PePc), 
and the corresponding conductance as a function of gate 
vohage, with Isd set to 30 nA and Vsd swept from to 
— 1.5 mV. As seen the peak values rise with reducing con- 
ductance and then saturate when Gc reaches the region 
of the 0.25 plateau, suggesting that Pc has reaches its 
maximum value of 1. Similarly, the peak ratio in the 
0.25 regime rises with increasing source-drain bias ap- 
plied across the emitter and then saturates. This reaches 
a value of ~ 2, at V^d = 0.9 mV when the 0.25 feature 
appears in the emitter conductance. 

These results show that the emitter is functioning as a 
spin polarizer and the collector as a spin analyser, demon- 
strating that a manipulation of the degree of polarized 
spin current can be achieved by tuning the source-drain 
bias at low values of conductance. For instance, Figure[2}3 
shows that the spin polarization of the injecting current 
Pe was ^ 30% when the emitter was set to Vsd = 0.3 mV 
and Ge = 0.25(2eV/i), whereas P^ reaches 60 - 70% 
for Vsd = 0.6 mV. We note that in the region of the 0.7 
anomaly which is found in the absence of bias the en- 
hancement of the peak height will be ^ 10% and difficult 
to observe unambiguously. 

The effects observed here indicate that the non- 
equilibrium electron energy distribution and the spin co- 
herence are maintained during the focusing transit into 
the collector. The transit time is sufficiently short (ap- 
proximately 20 picoseconds) that phonon emission is not 
occurring to any significant degree, so allowing all the 
emitted electrons to enter the collector. The spin co- 



herence length exceeds the path length so that the spin 
polarization is maintained during the focusing which au- 
gurs well for applications of this phenomenon. 

Our experiments establish a link between spin and mo- 
mentum which is unusual in the absence of a spin-orbit 
coupling. It seems most likely that the cause of the 0.25 
is that a spin polarized stream of electrons is the low- 
est energy configuration; this configuration is retained as 
there is only one direction of momentum and an absence 
of spin scattering by electrons with the opposite momen- 
tum. A physical mechanism based on exchange inter- 
action has recently been proposed for the 0.25 anomaly 
which explains the lifting of the spin degeneracy [1^ in the 
regime of non-equilibrium transport. How such exchange 
induced spin polarization is retained, or enhanced, by an 
absence of momentum degeneracy is puzzling. However, 
for practical applications, it is now possible to vary the 
degree of spin polarization in a way not previously pos- 
sible. A complex arrangement of gates and applied volt- 
ages can be utilized for on-chip spin manipulation with 
applications in spintronics and quantum information pro- 
cessing. 
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